Abstract. Neutrino beams obtained from proton accelerators were first operated in 1962. Since then, neutrino beams were intensively used in particle physics and evolved in many different ways. We present here a brief history of the various beams that were in operation around the world, including a few ideas and alternative proposals still under study.
Introduction
In 1956 the detection by Reines and Cowan [Cowan 1956 ] at a nuclear reactor proved that the "desperate remedy" postulated by Pauli [Pauli 1930 ] more than a quarter of a century before, was a real sub-atomic particle. The particle, postulated by Pauli to save the principle of energy conservation in beta decays, was named by Fermi neutrino and turned out to be a central ingredient of his new theory of weak interactions [Fermi 1933] .
Three years later, in a famous paper Bruno Pontecorvo proposed that neutrinos emitted in the decay of charged pions were different from the ones produced in beta decays [Pontecorvo 1959 ]. The paper discussed specific experiments to test this hypothesis, proposing also to use neutrinos from the decay in flight of pions produced by accelerated protons hitting a target. Pontecorvo estimated that proton accelerators in construction at that time could produce neutrino beam intense enough to make neutrino interactions detectable. Independently, in 1960 Mel Schwartz [Schwartz 1960 ] also discussed the possibility of an experiment making use of neutrino beams produced by pion decays at proton accelerators. In 1962 the AGS accelerator at Brookhaven was commissioned and an experiment with the first neutrino beam was carried on. The experiment found that the neutrino interactions produced only muons. The absence of interactions with the production of electrons brought to the conclusion that ν µ and ν e were different particles [Danby 1962 ]. In 1988, the Nobel Prize in Physics was awarded jointly to Leon M. Lederman, Melvin Schwartz and Jack Steinberger "for the neutrino beam method and the demonstration of the doublet structure of the leptons through the discovery of the muon neutrino". In his Nobel Prize lecture, Schwartz acknowledged Pontecorvo's idea of neutrino beams [Schwartz 1988 ]. " [...] we became aware that Bruno Pontecorvo had also come up with many of the same ideas as we had. He had written up a proposed experiment with neutrinos from stopped pions, but he had also discussed the possibilities of using energetic pions at a conference in the Soviet Union. His overall contribution to the field of neutrino physics was certainly major".
Since then, many very important experiments with neutrino beams have been made, using beams with different characteristics. In this paper, we describe the various techniques developed through the years to produce neutrino beams best adapted to the study of different physics subjects. We also briefly mention ideas and proposals for beams configurations, which were proposed in the past and to some extent are still considered for future applications. Our paper intends to give a historical overview of the subject. A complete and technical description of accelerator neutrino beams is found in the review paper by Sacha Kopp [Kopp 2007 ] .
Principles of neutrino beams
Figure 1 [Danby 1962] shows the layout of the two-neutrino experiment at Brookhaven. The 15 GeV AGS proton beam struck a beryllium target placed at the end of a straight section of the accelerator. Neutrinos were produced in the decay of pions and kaons drifting towards the detector, in 21 m free space. All particles other than neutrinos were absorbed in a 13.5 m iron wall shielding the 10-ton aluminum spark chambers detector. In the years, this basic scheme has evolved in that sketched in figure 2. Differently from the original Brookhaven layout, protons are extracted from the accelerator and steered to hit an external target to produce pions and kaons. Usually, targets are rods few interaction lengths long (order of one meter) and few millimetres in diameter. Magnetic fields surrounding and following the target, focus and steer the beam of charged pions and kaons into the decay region, an evacuated or helium filled tunnel where the long lived mesons can decay. At the end of the decay tunnel hadrons and electrons are absorbed, and muons ranged out. Note that the various elements in the figure are not in scale. For example the decay tunnel for the CERN-GranSasso beam is almost 1 km long [Baldy 1999] , and approximately 300 m of rock are needed to range out a 200 GeV muon. The quasi-totality of the neutrino beams operated up to now follow the described scheme. They are ν µ orν µ beams, depending on the charge of the parent hadrons. If the parent mesons are selected in sign by magnetic fields, the muon neutrinos coming from pions and kaons of the wrong charge are called "wrongsign" neutrinos. The contribution of ν e 's andν e 's is small, usually of the order of one percent each, and comes essentially from three sources. The first source are the muon decays, which are rare because of the much longer lifetime of the muon with respect to that of the π and of the K. Then there is the contribution of K e3 decay of charged kaons, which is small because of the branching ratio and the kaon over pion production ratio. Even smaller is the number of K e3 decays of neutral kaons, since they are not focused. Through the years, many developments and studies have regarded intensity, energy spectrum and composition of the neutrino beams. While it is possible to shape somehow the neutrino beam by acting on the target and on the length of the decay tunnel, most of the development concerned the focusing and steering of the parents pions and kaons. The most relevant advances are described in the following paragraphs.
Focusing
After the pioneer AGS experiment, the main issue was to increase the intensity of the neutrino beam. One cannot act on neutrinos and since the average production angles of secondary particles in proton interactions is larger than their average decay angles, a substantial gain in the neutrino beam intensity can be obtained by focusing these particles before they decay. The challenge is the focusing of pions and kaons produced with different energies and different angles by the protons striking the target. The first focusing system was the 'horn' proposed in 1961 by Simon Van der Meer [van der Meer 1961] . Quoting the original paper: "Divergent beam of charged particles can be made nearly parallel by a magnetic horn that is analogous to an internally reflecting conical surface in geometrical optics". Figure 3 shows the drawing of the horn from Van der Meer's original paper [van der Meer 1961] . Van der Meer's horn consists of two metallic conductors shaped as truncated cones, disposed around the cylindrical target hit by the proton beam. The inner and outer surfaces are connected at the basis and a current flows through the internal surface and returns through the outer surface, forming a current sheet of rotational symmetry. The magnetic field is confined in the volume between the inner and outer conductors and the field lines are circles around the axis. The field intensity goes like 1/r with r the distance from the axis. Depending on the current direction, the field would focus pions of one sign or another. The special shape of the conductors allows maximizing the focusing of pions of different momenta, by statistically taking into account the angle-energy correlation of the hadrons produced by the protons hitting the target. The first magnetic horn was constructed for the CERN neutrino beam at the 20 GeV PS, and started operation in 1963 [Ramm 1963A, Ramm 1963B, Giesch 1963 . Horn focusing was then used for the 12 GeV/c proton beam of Argonne National Laboratory and at the 28 GeV/c AGS at Brookhaven. The resulting neutrino beams allowed to collect hundreds of neutrino interaction, also in the relatively small, high resolution bubble chamber detectors. These first studies of neutrino interactions at accelerators culminated in 1973 with the discovery of the weak neutral current. The discovery was made at CERN with the heavy liquid bubble chamber Gargamelle, with a fiducial mass of about 5 tons, exposed to the horn focused neutrino beam from the 26 GeV PS. A short historical recollection of the discovery can be found in [Haidt 2004] .
Van der Meers idea of horn focusing was the seed of a continuous series of developments. Based on the characteristics (angle and momentum) of the mesons produced in the target, by varying the shape of the horn and the position of the target along the horn axis (see e.g. the sketch in figure 4 [Kleinknecht 1978]) , it is possible to obtain neutrino beams of different energy spectra. Systems of two or even three different horns in cascade have also been designed. The development of horn systems has continued until present times, focusing being especially important for the long baseline neutrino oscillation experiment in Japan, at GranSasso, and at Fermilab. In these experiments, given the distance of the far neutrino detector, the need for the highest intensity is particularly relevant. An example is given in figure 5 showing a sketch of the two horns arrangement used by the K2K experiment at KEK [Ahn 2006 ]. Horn systems provide excellent focusing, with large acceptance and sign selection. Drawbacks are the high current needed for operation, and the fact that the charged mesons have to cross the metallic inner surface of the horn. Because of the high current needed, horns are operated in pulsed mode, with a fast extraction of the proton beam of typically a few microseconds. The conductors must have thin walls, in order to limit the scattering of the mesons and the mechanical structure must endure the shocks of the strong magnetic forces. An alternative focusing technique (see e.g. [Carey 1971 ]) consists in using doublets or triplets of quadrupole magnets focusing in orthogonal planes. Compared to horns, this technique is less efficient, allows for a smaller acceptance, and doesn't provide sign selection. On the other hand, design, construction and operation of quadrupole magnets is less challenging and less expensive, and the system can operate also in continuous mode, without requiring the fast extraction of the proton beam. At Fermilab, various experiments have used quadrupole-focused beams, starting in 1975 and continuing until the end of the 1990's with the SSQT (Sign Selected Quadrupole Train) used by the NuTeV experiment [Yu 1998 ].
Wide band and narrow band neutrino beams
The design of the first neutrino beams aimed at maximizing the flux, i.e. the number of neutrino per proton on target (POT). Given the smallness of the neutrino cross section, intensity is fundamental for neutrino experiments and they turn out to be enormous consumers of protons for any accelerator complex. As an example, the discovery of the neutral current interaction with Gargamelle [Hasert 1973 ] required more than 10 17 protons hitting the target to collect 530 neutrino interactions in the 5 tons fiducial mass. With the number of primary protons fixed by the accelerators performance, the maximum intensity is obtained by focusing the most of the produced pions and kaons, independently from their energy. The corresponding neutrino beam is usually called Wide Band Beam (WBB).
In a WBB, the energy spectrum and the composition (fraction of different neutrino species) can be varied essentially in two ways. By tuning the focusing system, varying e.g. the shape of the horn and using different horns in cascade. And, by varying the length of the decay tunnel, which affects differently the decay of pions and kaons of different energies, because of the different lifetime and Lorentz boost. However, in any kind of WBB, it is difficult to evaluate with high precision the energy spectrum and relative amount of the different neutrino species composing the beam. Note that focusing complicates the calculations, because tracking in the magnetic field depends on angle, momentum and position of the charged meson. It is interesting to recall the case of a search for neutrino oscillations at CERN in the 1980s [Dydak 1983 , Bergsma 1984 . The experiments consisted in comparing the flux of muon neutrinos in two detectors located at different distances from the target. Quoting [Dydak 1983 ]: "No magnetic focusing was done behind the target. The divergence of the neutrino beam was therefore much larger than the solid angle of either detector, so that in the absence of oscillations the ν µ flux scaled as approximately L −2 ". Since the main source of uncertainty are number, and angular and momentum distributions of pions and kaons, a better understanding of the characteristics of a WBB can be obtained by dedicated experiments studying the production of mesons from protons striking the target. Many hadron production experiments have been carried on at CERN and in the US, especially after the discovery of neutrino oscillation. A discussion of the subject, together with a list of experiments, can be found in [Kopp 2007 ].
In the 1970s, the high-resolution, but small mass, bubble chamber detectors were progressively replaced by kton detectors, acting as calorimeter and muon spectrometers. The large mass of these detectors, together with a new generation of accelerators of higher energy (the 300 GeV Tevatron at Fermilab and the 350 GeV SpS at CERN) and the neutrino cross-section raising linearly with energy, made it possible to give up some intensity in favour of better controlled beams. In 1974 Fermilab developed the so-called dichromatic beam [Limon 1974 ]. After the target, a dipole magnet selects pions and kaons of a given sign and momentum bite. In the laboratory, neutrinos coming from the decay of pions and kaons of the same momentum show a dichromatic energy distribution, i.e. two separated broad distributions, corresponding to the different energy of the neutrino in the center of mass of the ν µ µ decay of pions and kaons, and to their different Lorentz boost at the same momentum. In 1977, CERN started to operate a similar beam, the so-called Narrow Band Beam (NBB), where narrow refers to the selection of parent mesons in a narrow energy interval. In a NBB, the cylindrical target struck by the protons is not aligned with the decay tunnel. Following the target, a transfer line with dipole magnets and momentum slits select pions and kaons in a given momentum bite and guide them into the decay tunnel. A sketch of the layout of the CERN WBB and NBB is shown in figure 6 , taken from Steinberger's Nobel lecture [Steinberger 1988 ]. shows the energy spectra of the ν µ andν µ WB and NB beams from the 400 GeV SpS. For the NBB, the secondary beam of pions and kaons had a selected momentum of 200 GeV with a 9% momentum bite. The NB spectra show the double structure, corresponding to the decay of pions and kaons. The overall intensity of the NBB is much lower than that of the WBB, but the two spectra become comparable at the high energy edge.
In spite of the lower intensity, many features make the NBB attractive with respect to the WBB. Because of the steering of the mesons beam, the NBB has no contribution from the decays of wrong sign mesons, nor from neutral kaons. The steering of the beam and the selection in momentum allow higher precision in the monitoring of the flux of the parent mesons and the measurement of the π/K ratio by differential Cherenkov counters [Berge 1987] . Then, the known kinematics and branching ratios of the decaying mesons make it possible to predict with good accuracy the intensity, energy spectrum and composition of the resulting neutrino beam. A peculiarity of the NB beams is originated by the different decay of pions and kaons of fixed momentum [Berge 1987 ]. Figure 7 -right [Kleinknecht 1978] shows the relation between the neutrino energy and the radial position of charged current ν µ interactions in the CDHS detector exposed at the CERN SpS NB beam. In high energy charged current interactions, the neutrino energy is measured as the sum of the muon momentum and the energy of the hadronic shower. The plot shows that, within the twofold ambiguity, the energy of the interacting neutrino can be derived from the radial position of the interaction vertex in the detector. In fact, the CHARM experiment has exploited this feature to measure the nucleon structure functions using also neutral current events [Jonker 1983 ], where the energy of the incoming neutrino cannot be measured in the final state, due to the escaping neutrino.
Another type of beam, combining characteristics of WBB and NBB, is the Sign Selected Quadrupole Triplet (SSQT) which was in operation at Fermilab in the second half of the 1990s. The SSQT beam has been the highest energy neutrino beam ever. Mesons produced by the 800 GeV Tevatron accelerator were sign selected by a dipole magnet with very large momentum acceptance (250 ± 100 GeV) and then focused by three successive quadrupoles. From around 1975 until the end of the last century the described high energy neutrino beams were used to perform high precision studies, in particular of the structure of the nucleons, and of the properties of the electroweak interaction. The last experiment of this kind was the already cited NuTeV experiment, which took data at the end of the 1990's in the SSQT beam at Fermilab [Naples 2003 ]. A review of results can be found in the paper Precision measurements with high-energy neutrino beams [Conrad 1998 ]. A recollection, through the history of the measurements of sin 2 θ W , is in [Dore 2016] .
From the beginning of the new millennium, neutrino physics has been dominated by the study of neutrino oscillations, and the beams now in use are horn focused wide band beams operated at Fermilab and in Japan.
Neutrinos from a beam dump
The usual neutrino beams are formed with neutrinos coming from the decay in flight of pions and kaons. An alternative consists in dumping the extracted proton beam in a dense block, where the great majority of pions and kaons interact before decaying. Then, for proton energies of the order of 100 GeV or higher, the emerging neutrinos mainly come from the decay of the short-lived particles produced in the primary proton interactions. These particles, typically charmed mesons with proper lifetimes of order 10 −13 sec, decay before interacting, and originate a neutrino beam with much lower intensity, but completely different composition than that the beam previously described. The four ν µ ,ν µ , ν e ,ν e neutrinos all contribute with similar amounts to the total flux. Moreover, ν τ andν τ , mainly produced by D s and practically absent in the usual neutrino beams, constitute a substantial fraction of the beam dump neutrinos. A few experiments with neutrinos from beam dump ran in the 1980s at CERN, Fermilab and Serpukhov (see e.g. [Abramowicz 1982 , Dorenbosch 1988 , Duffy 1988 , Blumlein 1992 ). Later, the DONUT experiment at Fermilab used the 800 GeV protons from the Tevatron to provide the first observation of tau neutrino interactions [Kodama 2001 ].
Off-axis neutrino beams
In the late 1990s, the discovery of the oscillation of atmospheric neutrinos [Fukuda 1998 ] motivated the study of the oscillation with accelerator experiments especially designed with L (baseline) and E (neutrino energy) matching the observed atmospheric ∆m 2 ∼ 3 × 10 −3 eV 2 . Long baseline experiments, with L of a few hundreds kilometres, require neutrino energies of a few GeV (see e.g. [Feldman 2013 ] for a recent review of long baseline oscillation experiments). The so called off-axis technique offers the possibility to obtain an intense flux of neutrinos with a narrow energy spectrum, centred at the desired value.
In the off-axis technique, the secondary hadron beam is obtained as usual from proton impinging on a suitable target. Contrary to the conventional beams, the target, the secondary beam optics and the decay tunnel are pointed a few degrees off the neutrino detector such that the detector itself is off-axis with respect to the neutrino beam axis. This idea was first proposed for a long baseline experiment at Brookhaven [Beavis 1995 ] that was never realised.
The integrated neutrino flux is intuitively maximum when the detector is located on the beam axis where, for the dominant two body decay, the neutrino energy is directly proportional to the parent meson energy. Since neutrinos are produced by the decay of mostly pions focussed into a nearly parallel beam by magnetic horns, the broad neutrino spectrum seen by a detector on axis is simply the reflection of the broad spectrum of the decaying pions.
The neutrino energy and flux at a given angle θ with respect to the line of flight of pions of energy E π is derived easily from the pion decay kinematic. For small angles (θ 1) and relativistic pions (γ π 1) on finds:
where L is the detector distance. Due to the characteristics of the decay kinematics and to the Lorentz boost, if the detector is not on axis but a few degrees off, the neutrino energy is no longer proportional to the pion energy but rather has a broad maximum for γ π θ = 1. The maximum neutrino energy is E ν /θ, with E ν = (m 2 π − m 2 µ )/2m π = 29.8 MeV and it depends only from the chosen off-axis angle. Despite the flux from any given pion is smaller at an off-axis angle θ than on-axis, all pions in a broad energy range contribute neutrinos in a narrow energy interval around E max = 29.8/θ MeV. As a result the neutrino flux at the peak is much larger than that of the on-axis beam at the same energy. This is shown in figure 8 for the neutrino spectra at different off-axis angles at 295 km from the source for the T2K long baseline experiment.
Fig. 8. Neutrino spectrum on axis and for different off-axis angles for the T2K experiment
The off-axis technique works well for long baseline experiments, where the far detector covers a small angular range. Here, for a given distance L, the choice of a suitable off-axis angle allows to adjust the beam peak energy E to tune L/E at the maximum of neutrino oscillation.
Both the currently running long baseline experiments, T2K [Abe 2011 ] and NOνA [Ayres 2007 ], have been designed with the far detector located off-axis, respectively at 2.4
• and 0.8
• , tuned to maximise the oscillation probability for their respective distances. For the next generation of proposed long baseline experiments, HyperKamiokande [Abe 2015 ] will also make use of an off-axis beam while the proposed DUNE experiment [Acciarri 2015 ] uses an on-axis beam, aiming to a broader energy spectrum to access both the first and the second oscillation maxima, relying on event by event reconstruction of the neutrino energy in liquid argon.
Neutrino Super Beams
Since neutrino oscillation were experimentally established in the at the turn of the century, neutrino physics has focused on precise measurements of all mixing angles and of the squared mass differences, on establishing the hierarchy of neutrino masses, and above all on the search for a possible CP violations. Much of this physics can be accessed by long baseline experiments tuned at the atmospheric ∆m 2 . The measurements require very high intensity beams, and a precise knowledge of energy spectra and fractions of the neutrino species (ν µ ,ν µ , ν e ,ν e ) present in the beam. This challenge has stirred interest in the search for new kind of neutrino beams which would overcome limitations and shortcomings of conventional beams. There is a broad scientific literature, generically going under the tag Neutrino Factories, which investigates the feasibility and phenomenology of different approaches, like Muon Storage Rings, Beta Beams and Tagged Beams, ideas that we will briefly discuss in the next chapter.
At the same time much technological effort went into the development of conventional beams, with improvements of the focusing devices and of the target, and above all by pushing on the accelerator performance. The discussion on the merits of the different beams appears already in 2000 in the paper: Conventional beams or neutrino factories: the next generation of accelerator based neutrino experiments [Richter 2000] . In that paper, referring to his conjectures on the performance of conventional beam, Richter states: "It is well worth the time of the experts to see if my assumptions on potential beam intensity and purity, and background rejection are reasonable. If they are, these experiments can be carried out sooner, and at less cost than those with a muon storage ring source".
Actually, while neutrino factories are still in consideration, conventional horn focused beam of high intensity, the so-called Super Beams are the choice of the present and next generation of long baseline experiments. Experiments presently running at JPARC and Fermilab are designed to use high intensity proton beams of about 700 KW. This is about two order of magnitude higher than that of the K2K long baseline experiment in Japan, the first to confirm at an accelerator beam the oscillation of atmospheric neutrinos [Ahn 2006] . It is expected that by the end of the next decade a new generation of long baseline experiments will be running with proton beam power above 1 MW [Derwent 2012 , Igarashi 2016 .
Alternative proposals
With the conventional techniques of the Super Beams to be used until 2030, there is nowadays no definite plan for the construction of new facilities based on alternative beams. The present long term strategy is suggested in a survey of the ICFA Neutrino Panel Roadmap for the international accelerator-based neutrino programme [Cao 2017] . From that paper we quote: "The focus of the long-baseline neutrino community has recently been on establishing DUNE and proposing Hyper-K. If the science demands a further program with a performance that substantially exceeds that of the ambitious DUNE and Hyper-K experiments, new accelerator and/or detector technologies will be required. An R&D program will be needed to deliver feasible options at the appropriate time. This R&D is likely to take many years and needs to be well justified and carefully planned".
Though none of the techniques proposed to replace or complement the conventional beams has come to be a definite project, we feel interesting to briefly discuss in this chapter the more promising approaches still under consideration: Muon Storage Rings, Beta Beams and Tagged Beams. A more detailed review of the different technologies proposed for the neutrino factories is given in [Mezzetto 2011 ].
Muon storage rings
In 1980, David Neuffer proposed to produce neutrino beams from the decay of muons circulating in a dedicated storage ring [Neuffer 1980 , Cline 1980 , Neuffer 1981 . Figure 9 from Neuffer's proposal [Neuffer 1981 ] sketches a possible layout of the ring. In this scheme, protons from an accelerator hit a target, producing pions. Bending magnets drive pions in a large momentum interval into the straight section of the ring, where they decay into muons. Muons in the correct momentum interval (a few GeV in Neuffer's proposal) are captured in the ring. Given the large difference in lifetime between the pion and the muon (τ π = 2.6 × 10 −8 s, τ µ = 2.2 × 10 −6 s), after the fast decay of the pions, only muons continue to circulate in the ring. During their lifetime they produce collimated neutrino beams along the two straight sections. Since the e ν µ decay (or charge conjugate) are perfectly known, by monitoring the muon beam in the ring it is possible to precisely monitor intensity, composition and energy spectrum of the resulting neutrino beam. This, together with the unique feature of a beam of equal intensity ofν e and ν µ (or of ν e andν µ ), makes the muon storage ring a very attractive option for the study of neutrino oscillation.
Yet, in its simplest implementation the efficiency for collecting muons in the storage ring is too low to produce beams competitive with the usual beams from pions and kaons, and the idea had no follow-up until the discovery of neutrino oscillation. In the late 1990s, with the need for high precision measurements of the neutrino mixing matrix, the idea of neutrinos from muons received new attention and evolved in the design of the so-called Neutrino Factories. To create neutrino beams of high intensity, a Neutrino Factory would make use of an intense proton beam to produce low energy pions. The layout is similar to the original one, the main difference being that the muons from pion decay are first phase space compressed (cooling), then accelerated to the desired energy before to be finally injected into a storage ring with long straight sections pointing in the desired direction.
The production of intense monochromatic muon beams would be also interesting for the design of a muon collider (e.g. a Higgs factory), and much R&D has been devoted to the subject. A review of the status of the design can be found in [Mezzetto 2011 ]. However, in recent years Neutrino Factories appear no longer competitive with respect to Super Beams. This has many reasons. The θ 13 mixing angle regulating the ν µ −ν e oscillation at the atmospheric ∆m 2 is relatively large, easing the search for CP violations. Cost and time needed for R&D and construction are estimated to be very high. Finally, the advantage of having available the flux of ν e orν e accompanying thē ν µ or ν µ is fully exploitable for oscillation studies, only for gigantic neutrino detectors able to measure the charge of the muon produced in neutrino interactions.
As described in [Long 2018] , by now the only advanced project is nuSTORM, a first level proposal to the Fermilab PAC [Adey 2013 ]. The nuSTORM muon storage ring is very similar to that proposed by Neuffer in 1980 . Since the process of cooling and accelerating the muons is not foreseen, the ring would have limited efficiency in collecting muons, and the resulting neutrino are of low intensity. The proponents envisage using 120 GeV protons to produce pions off a solid target. The pions are collected by magnetic fields (horn and quadrupoles) and injected in the straight section of the ring. Muons from pion decay are stored in the ring if they have a momentum of 3.8 GeV + −10%. Neutrino beams are produced by the muon decays in the 226 m long straight sections. The physics goals are the search for oscillation into a sterile neutrino and the measurement of low energy neutrino cross-sections.
Beta beams
The name beta-beam refers to the production of a pure beam of electron neutrinos or antineutrinos through the beta decay of accelerated radioactive ions circulating in a storage ring [Zucchelli 2002 ]. In the original conceptual proposal, using established techniques (e.g those of the ISOLDE facility at CERN citeIONS) ions produced by an intense radioactive source are accelerated to energies, about 150 GeV/nucleon, similar to the ones achieved at the heavy ion programme at CERN PS/SPS. Such a high energy radioactive beam, injected in a storage ring would be the source of a pure electron neutrino beam (or antineutrino, depending on the accelerated ion). The neutrino transverse momentum with respect to the beam axis is equal to the neutrino transverse momentum in the ion rest frame while the longitudinal momentum is boosted by the Lorentz γ of the accelerated ion and therefore the neutrino have typical angles of 1/γ. Thus the use of a radioactive nucleus with a small Q value improves the neutrino beam collimation and the neutrinos yield along the axis of the storage ring straight section. Unfortunately the ion lifetime is inversely proportional to Q 5 and the choice between candidate ions must be carefully optimised.
18 Ne and 6 He where identified as the best sources of respectively electron neutrinos and antineutrinos due to their small Q values, about 3.5 MeV, and their lifetime, of the order of 1s, which are not too long to require a proportionally higher number of ions circulating in the storage ring for a given neutrino flux.
In conventional muon neutrino beams the contamination from different neutrino species is inevitable and the knowledge of the neutrino spectrum and flux involves sizeable systematic uncertainties. In contrast beta beams are pure electron (anti)neutrino beams and the energy spectrum and flux can be easily calculated from the number of circulating ions, their known decay kinematic and Lorentz boost. The neutrino energy is E ν = 2γE * ν , where E * ν is the neutrino energy in the ion rest frame. For 6 He ions accelerated at γ = 150, the average neutrino energy would be 580 MeV. Accelerated under the same conditions, 18 Ne ions would reach γ = 250 due to the larger Z/A and the neutrino energy would be 930 MeV, despite the two ions have a similar decay spectrum. It is remarkable that at a beta beam facility an experiment with muon identification capability (even without charge identification) would be able to search for CP violation by comparing the probabilities ν e → ν µ andν e →ν µ .
It is worth noticing that both the beta beam and the muon storage ring are based on the idea of producing neutrinos directly accelerating the decaying parents, rather than, as in conventional neutrino beams, from a secondary beam.
The beta beam idea stirred interest in both the accelerator physics and neutrino phenomenology communities and several studies were realised in parallel with the neutrino factory studies when the goal appeared to be the search for a possibly vanishing small θ 13 . Ions acceleration at γ 100, corresponding to neutrino energies of a few hundredth MeV and calling for experimental baselines of the order of 100 Km, were considered [Mezzetto 2003 ] as well as higher energy options, up to γ 2000 with baselines of 2000 Km [Burguet-Castell 2004] and also a low energy option, down to neutrinos of tens of MeV, to measure cross-sections relevant for nucleosynthesis and supernova explosions [Volpe 2004 ].
The complexity and cost of beta beams and neutrino factories, and finally the discovery that θ 13 is almost as large as it could have been, have shifted the interest back to conventional neutrino beams for the next generation of experiments in the quest for leptonic CP violation.
Tagged beams
Experiments with conventional neutrino beams would greatly profit of a precise knowledge of the flavour and the energy of the neutrinos, and even more if that information were unambiguously associated to the neutrino interactions in the detector. Flavour knowledge is clearly extremely important for oscillation studies. The addition of the energy information would allow to improve the study of neutrino crosssections, which nowadays are still affected by large uncertainties, especially in the 1 GeV energy region. The ideal technique would be a tagged neutrino facility, where a precise knowledge of the flavour of the neutrino, and possibly a determination of its energy is achieved by measuring, in the decay of the meson, the lepton associated to the neutrino. More information is obtained if the tagging detector at the decay is able to work in time coincidence with the interaction in a downstream neutrino detector.
Although almost forty years ago Bruno Pontecorvo already wrote in his typical understated style the possibility of using tagged-neutrino beams in high-energy experiments must have occurred to many people [Pontecorvo 1979 ], in order to become reality this conceptually simple idea has to face big experimental challenges. To apply this idea to a conventional accelerator neutrino beam, the main challenge is that the neutrino source is a meson decay taking place in a tunnel which span several decay lengths, typically tens or hundredths of meters, and constitutes a harsh, high rate, high radiation environment. One of the oldest idea [Hand 1969 ] is based on the detection of the muons to tag ν µ from K µ2 decays, taking advantage of the large difference in Q value between pion and kaon decays. A different approach [Bernstein 1988 ], consists in tagging neutrinos from a K L beam, by measuring the out going charged pion and lepton at the decay vertex K L → πeν e and K L → πµν µ . Measuring the positrons (electrons) in K e3 decays in the decay tunnel of a conventional neutrino beam, was proposed [Ludovici 1996 ] to tag and veto the prompt electron (anti)neutrino contamination in experiment searching for the ν µ → ν e oscillation.
In recent years, the relevance of a precise knowledge of neutrino cross-sections, in particular electron neutrino cross-sections, for the next generation of long baseline experiments searching for leptonic CP violation, has driven the proposal of a dedicated facility for ν e andν e beams. This facility [Longhin 2015 ] is a narrow band beam where the flux uncertainty, which is the main limitation for a precise crosssection measurement, would be reduced at one percent level by directly measuring the positrons (electrons) from K e3 decays in a large volume calorimeter surrounding the decay tunnel. A dedicated detector R&D is under way to prove the technical feasibility of the proposed design.
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Several decades after Pontecorvo we are in all probability still not so close to see tagged neutrino beams. Nevertheless we like to quote and share his view that "in spite of the difficulty it seems that sooner or later such facilities will be available at various high-energy accelerators" [Pontecorvo 1979 ].
Conclusions
Artificial neutrino beams are a challenging enterprise. Since neutrinos are only weakly interacting, it is impossible to focus or steer them, while on the other hand a large flux is needed in order to detect their interactions. The two-neutrino experiment in 1962 resulted not only in a fundamental discovery, but was the first demonstration of a new tool, neutrino beams produced at a proton accelerator, which in more than half a century has driven major advances in our understanding of nature. Accelerator neutrino beams produced from secondary mesons have evolved along the years and adapted to respond to different experimental challenges. They are still exploited today and the next generation of neutrino beams holds promise for the unveiling of the secret of leptonic CP violation and to test with unprecedented precision our understanding of neutrino properties.
